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Abstract Interest in the utilization of bioactive plant com-
pounds in foods has increased due to their biochemical activ-
ities (antioxidant, antimicrobial, etc.), and as alternatives in
the reduction of the use of high concentrations of chemical
substances. However, some of these additives are hydropho-
bic, thus being harder to disperse into the food matrix, which
is generally water-based. A good alternative is the use of low
concentrations of these compounds as nanoemulsions. The
objective of the present study was to develop oil-in-water
nanoemulsions containing Bdedo-de-moça^ pepper extract
for food applications. Research in the development of these
nanoemulsions was carried out using a high-speed homoge-
nizer, followed by a high-pressure homogenizer. The influ-
ence of the following parameters was assessed: type and con-
centration of surfactants, hidrophilic-lipophilic balance, lipid/
aqueous phase ratio, surfactant/oil ratio, pepper extract com-
position in nanoemulsion, and processing conditions.
Nanoemulsions were evaluated by environmental (centrifugal
and thermal) and storage stabilities, characterized by average
droplet size and ζ-potential measurements, color, interfacial
tension, atomic force, and cryo-scanning electron microscopy.
Those with average droplet size between 132 ± 2.0 and
145 ± 1.0 nm were developed depending on working pressure
and number o f cyc les ; ζ -po ten t i a l was a round
− 36.71 ± 0.62 mV and the best nanoemulsion was stable to
centrifugation and most of the thermal stresses. Droplets were
characterized with cryo-scanning electron microscopy as be-
ing spherical, homogeneous, and stable, and remained stable
when stored at 4 °C and room temperature for over 120 days.
The pepper nanoemulsion, developed in the present study, has
potential applications in the food industry.
Keywords Colloidal systems .Capsicum spp. . Emulsion .
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Introduction
The interest in safe, contaminant-free, and healthier food is
currently increasing in the international market. In this con-
text, food industries need to adapt, seeking technological in-
novations that meet the production of food with longer shelf
life, due to resistance to oxidation and maintenance of food
free ofmicrobial contamination. Additionally, consumers con-
sider that minimally processed foods, which are free of chem-
ical additives, are a better buying option (Ernandes and
Garcia-Cruz 2007). As economic and technological alterna-
tives, there is a deep interest in finding in plants, especially in
spices, active ingredients that have antioxidant and antimicro-
bial activity, and that may contribute to the conservation of
food, produced with safety to humans and the environment
(Costa et al. 2009; Sricharoen et al. 2016).
The use of active plant ingredients (essential oils, plant
extracts, or fractions) is interesting due to a large number of
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biochemical activities (Martillanes et al. 2017) and can be
interesting to the food industries which need to change the
traditional processes because of consumers’ preoccupation.
Meat industry is already searching alternatives to reduce or
replace some substances, as nitrite (Hung et al. 2016).
Spices such as red peppers, especially Capsicum ssp., also
known as the Brazilian Bdedo-de-moça^ pepper, were widely
used in food in ancient civilizations and are sources of several
antioxidant compounds (Costa et al. 2009). In general, pep-
pers are rich in antioxidant compounds, including capsaicin,
which can contribute to the prevention of diseases caused by
the oxidative stress of human cells, such as cancer, atheroscle-
rosis, and other degenerative diseases (Silva et al. 2009;
Sricharoen et al. 2016). The main principle in peppers is cap-
saicin, responsible by pungency. It is a colorless and odorless
lipophilic alkaloid. This characteristic can be useful to extract
capsaicin using natural vegetable oils maintaining its
original characteristics (Reyes-Escogido et al. 2011). The cap-
saicin molecule is pointed as a lose weight helper, it is
hypocholesterolemic, and has been extensively studied due
to its antimicrobial activities (Xing et al. 2006), specially
against bacteria (Wei et al. 2006), what is really interesting
for food industries that needs to change traditional chemical
preservatives by natural ones.
The incorporation of these natural compounds in the food
matrix or active packaging is remarkable; however, some of
them are hydrophobic, being, therefore, difficult to disperse in
food formulation, which is generally water-based. An innova-
tive and new alternative is the use of hydrophobic compounds
with efficient biological activities as the dispersed phase of
nanoemulsions, allowing better dissolution of active ingredi-
ents into the food matrix, and controlled release (Weiss et al.
2006). Nanoscience and nanotechnology are progressing by
the day with the increment of advances, enabling innovations
in food industries. Currently, the primary field in food produc-
tion is the design and development of new functional food
ingredients that are stable to thermal processes and show high
water solubility, bioavailability, and good sensory quality, in
addition to retaining high physiological performance
(Shantilal and Bhattacharya 2014).
Nanoemulsions can be described as kinetically stable con-
ventional emulsions containing very small spherical droplets
at the nanometer level (Anton and Vandamme 2011; Klang
et al. 2012; Mason et al. 2006; McClements 2012; Rao and
McClements 2012; Silva et al. 2012; Sivakumar et al. 2014).
Nanoemulsions can be prepared by high or low energy
methods. The high energy technique can be scaled for indus-
tries and is based on the use of equipment capable of generat-
ing high-intensity forces that break up dispersed phase drop-
lets, leading to the formation of nanosize droplets. Several
devices, such as high-shear homogenizers, high-pressure ho-
mogenizers, high-pressure microfluidizers, evaporators, or ul-
trasound generator may be used to generate these forces
(Anarjan et al. 2010; Cheong et al. 2008; Huang et al. 2009;
Kentish et al. 2008; Lee and McClements 2010; Silva et al.
2011; Weiss et al. 2006).
Studies about the influence of processing conditions, in-
cluding evaporation temperature, number of cycles, and work-
ing pressure on the physico-chemical properties of astaxanthin
nanoemulsions produced with a combined technique involv-
ing homogenization and evaporation have demonstrated that
alterations of processing conditions causes a great impact in
final emulsion characteristics (Anarjan et al. 2010). Also, it
has been demonstrated that surfactants are also important to
reach a stable emulsion. Choi et al. (2009) worked with
Tween® 20, 40, 60, and 80, sucrose mono-stearate, and poly-
propylene glycol to prepare capsaicin nanoemulsification and
observed that the best ones were obtained using Tween®80.
High-pressure systems can be classified based on the ge-
ometry and design of the nozzle and flow orientation. It can be
also classified by the type of construction (nozzle is decisive
for the efficiency in the rupture of the drops with the use of
equipment), which can be sub-divided into radial diffusers
(standard), jet dispersers, microfluidizers, and orifice valves.
For industrial scale, often it is generate radial flow as the
primary emulsion passes through the valve, undergoes a mix-
ture of shear, cavitation, and turbulent flow and the working
pressure is determined by the force acting between the nozzle
and the resulting gap (Jafari et al. 2008).
The objective of this study was to investigate the effect of
different preparation conditions on droplet size and droplet
distribution of a pepper extract O/W nanoemulsion and, also,
to investigate its environmental and storage stabilities. The
conditions tested were as follows: time versus pressure at
high-pressure homogenization, and composition (oil phase,
aqueous phase, and emulsifier concentrations).
Material and Methods
Experiments were carried out at Laboratory of Food
Technology (Faculty of Food Engineering and Animal
Sciences, University of São Paulo–Brazil) and at Laboratory
of Industry and Process (Centre of Biological Engineering,
University of Minho–Portugal).
Materials
The Bdedo-de-moça^ pepper (1 kg) and soybean oil (1 L,
Liza, Cargill, Brazil) were bought from a local market, and
the oil was employedwithout any purification. The surfactants
(Tween® 20, 40, 60, and 80; and Span® 20, 40, 60, and 80)
were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA), and Milli-Q® water was obtained from a Milli-Q®
Integral Water Purification System (Merck Millipore Co.,
Darmstadt, Germany).
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Production of Bdedo-de-moça^ Pepper Extract
BDedo-de-moça^ pepper was dried in an oven (Fanem,
Brazil), at 60 °C during 24 h. Next, the spice was ground
and dispersed (6% w/v) in commercial soybean oil at 85 °C
under stirring for 1.5 h. The dispersion was subsequently
maintained under refrigeration (4 °C) in amber glass for
3 months to extract lipophilic compounds.
Primary Emulsion Preparation
Oil-in-water (O/W) coarse emulsions were prepared by ho-
mogenizing a mixture of the lipid phase (soybean oil), the
aqueous phase (Milli-Q® water), and surfactants (Tween®
80 and Span® 80), using a high-speed homogenizer (Ultra-
Turrax, T-25, IKA, Staufen, Germany); aqueous phase con-
taining Tween® 80 and lipid phase containing Span® 80 were
heated, separately, in a water bath at 40 °C for 30 min, and
then, homogenized. Several process conditions were analyzed
(Fig. 1), such as the following: (a) homogenization speed
(from 7000 to 25,000 rpm) and time (from 1 to 34 min.),
and an increasing gradient of speed (7000, 12,000, 16,000,
20,000, and 25,000 rpm; 1 min at each speed); (b) oil (from
2 to 20% w/w emulsion) and surfactant (from 1 to 5% w/w oil
phase) concentrations; and (c) influence of hidrophilic-
lipophilic balance (HLB) according to Prista et al. (1992).
Optimal conditions were established based on droplet size
and size distribution and then, an emulsion was prepared uti-
lizing pepper extract as the oil phase.
Furthermore, the influence of the order of the mixed phases
was studied using four different approaches (Gullapali and
Sheth 1999): A—the aqueous phase, containing a blend of
hydrophilic and lipophilic surfactants, was poured under the
oil phase; B—the oil phase, with a mixture of surfactants, was
poured under the aqueous phase; C—the aqueous phase, con-
taining the hydrophilic surfactant, was poured under the oil
phase containing the lipophilic surfactant; and D—the oil
phase, with the lipophilic surfactant, was poured under the
aqueous phase containing the hydrophilic surfactant.
Nanoemulsion Preparation
Nanoemulsions were prepared by placing the coarse emulsion
in a high-pressure homogenizer (Nozzle Z5, Nano DeBEE,
Bee International, USA). The device was covered with ice
bags to avoid high temperature caused by high-shear forces.
A total of 50 mL of the coarse emulsion was subjected to the
homogenizer, using different cycles (5 to 20) under different
homogenization pressures (6.9 × 107 to 13.8 × 107 Pa). In
order to avoid mixture of no-homogenized and homogenized
sample or any interferences, 20 mL were discarded after each
process.
Interfacial Tension of Raw Material
Interfacial tension between oil and aqueous phases for a com-
position equal to 2:1:97% w/w (oil, surfactants, and water,
respectively) were determined using the DU Noüy ring meth-
od and a balance tensiometer, at 25 °C, according to Persson
et al. (2014). The density of the aqueous phase (Milli-Q®
water plus Tween® 80) and the oil phase (pepper extract plus
Span® 80) were previously measured using a densitometer
(DMA 4500, Anton Paar, UK).
Characterization of Pepper Nanoemulsions
The nanoemulsions produced in all of the experiments were
characterized regarding the determination of average droplet
size, polydispersity, and ζ-potential.
The pepper extract nanoemulsion prepared under optimal
conditions (smaller droplet size, size distribution, and ζ-
potential) was also characterized by atomic force microscopy
(AFM), cryo-scanning electron microscopy (CSEM), and col-
or determination. Nanoemulsion stability was also assessed,
based on environmental stress and different storage tempera-
tures during 120 days.
Average Droplet Size, Polydispersity, and ζ-Potential
Measurements
The droplet size and size distribution (polydispersity index)
and ζ-potential of the nanoemulsions were measured by dy-
namic light scattering (DLS) (Zetasizer NanoZS laser diffrac-
tometer, Malvern Instruments Ltd., Worcestershire, UK) at
25 °C. Intensity-weighted average droplet diameters were de-
scribed as BZ-average^ and measurements were carried out at
633 nm and a fixed angle of 90° with acrilic cuvettes. The ζ-
potential of the droplets was measured by phase-analysis light
scattering with an acrilic electrode, and the polydispersity in-
dex was characterized by distribution curves in intensity (%).
For these analyses, the nanoemulsions were previously diluted
(1:1000) in ultrapure water to avoid multiple scattering.
Atomic Force Microscopy
The optimal pepper extract nanoemulsion was analyzed by
atomic force microscopy (AFM) to characterize droplet shape
and surface morphology. The nanoemulsion was diluted in
ultrapure water (1:10), and a ~ 15 μL droplet was placed onto
a cover glass and kept at room temperature for 24 h for sample
surface adsorption. Adsorbed samples were observed in peak
force tapping mode, using an AFM device (Nanoscope III
controller, Bruker, Germany) with NCHV tips.
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Cryo-scanning Electron Microscopy
Cryo-scanning electron microscopy (CSEM) was carried out
as a complementary tool for droplet size and morphology
characterization. The undiluted optimum pepper extract
nanoemulsion was placed into carbon-coated grids and
immersed in N2 for 30 s. Next, it was transferred, under vac-
uum conditions, to a preparation chamber (Gatan Alto 2500,
UK). Aliquots of the sample were fractured and sublimated at
− 90 °C during 3 min, and coated by ionic pulverization with
Au/Pd under 12mAduring 40 s. CSEM images were recorded
at − 150 °C using a scanning electron microscope (JEOL JSM
Fig. 1 Fluxogram of tests for
nanoemulsion preparations
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6301F/ Oxford INCA Energy 350, Japan), with X-ray micro-
analyses and an observation system, at low temperature.
Color
The color of the optimal pepper extract nanoemulsion was
characterized using a CIELab system with a portable colorim-
eter (Minolta CR-400, Konica Minolta Sensing, Inc., Osaka,
Japan), set up with a D65 illuminant, and calibrated with a
standard white plate, at room temperature. The L*, a*, and b*
variables were determined, and the whiteness index (WI) of
the nanoemulsion was calculated using Eq. 1 (Salvia-Trujillo
et al. 2013; Vargas et al. 2008):
WI ¼ 100− 100−L* 2 þ a*2 þ b*2 
 0:5
ð1Þ
In whichWI = whiteness index, L* = lightness; a* = green/
red axis, and b* = blue/yellow axis.
Environmental Stability of the Pepper Extract
Nanoemulsion
Stability of the optimum pepper extract nanoemulsion was
evaluated by centrifugal stress, thermal stress, and freeze-
thaw cycling stress. In all the assays, the responses were based
on visual observations and average droplet size, polydispersi-
ty, and ζ-potential, determined as described in the BAverage
Droplet Size, Polydispersity, and ζ-Potential Measurements^
section.
Centrifugal Stress
Conical Eppendorf tubes containing 2 mL of the sample were
subjected to different speeds (80–3050 g) in a centrifuge (rotor
7.1 cm, Mikro 120, Hettich, UK) during 15 min, subsequently
cooled at room temperature for 30 min, gently mixed and
analyzed.
Thermal Processing Stability
Water bath heating stability was evaluated according to Yang
and McClements (2013). Conical Eppendorf tubes containing
2 mL of the nanoemulsion were incubated in a water bath at
70 and 90 °C for 30 min. The samples were subsequently
cooled at room temperature for 30 min, gently mixed and
analyzed. Analyses of these samples were performed after
24 h and 7 days.
Heating/Cooling Cycling Stability Additionally, thermal cy-
cling stability was performed according to Saranya et al.
(2012), with some modifications. Conical Eppendorf tubes
containing 2 mL of the nanoemulsion were submitted to 6 cy-
cles of cooling at 4 °C for 24 h, followed by heating at 45 °C
for 24 h. Samples were gently mixed and analyzed after each
cycle.
Temperature Ramp (Temperature Gradient) A gradient of
temperature was performed using a cooling/heating thermo-
stat (CH-100, Cooling and Heating Thermostat, Biosan, EU).
Conical Eppendorf tubes containing 2 mL of the
nanoemulsion were cooled to − 10 °C, after which the tem-
perature was quickly raised in − 10 until 80 °C, every 30 min.
Freeze-ThawCycling Stability Freeze-thaw cycling stability
was determined according to Aoki et al. (2005) and Mun et al.
(2013). Conical Eppendorf tubes containing 2 mL of the
nanoemulsion were submitted to freezing and thawing cycles
by incubating the samples in a freezer at − 22 °C for 22 h,
followed by thawing by incubation of the conical Eppendorf
tubes in a water bath at 30 °C for 2 h. Cycles were repeated six
times, or until visual phase separation or creaming occurred.
Storage Stability
Tubes containing 2 mL of the nanoemulsion were stored at 4,
25, and 37 °C. At 7, 15, 30, 60, 90, and 120 days of storage, an
aliquot of each sample was gently mixed and a portion of the
center was taken and analyzed immediately for the parameters
as mentioned in the BEnvironmental Stability of the Pepper
Extract Nanoemulsion^ section.
Statistical Analyses
Data were statistically analyzed using one-way analysis of
variance with significance level set at 0.5. When a significant
difference was detected, Tukey test was performed for mean
comparison. All the analyses were performed in triplicate,
using a Minitab (Minitab 15 software package, State
College, USA).
Results and Discussion
HLB Value
Surfactant affinity for aqueous or oil phases is crucial in the
production of O/W or W/O emulsions. According to prelimi-
nary experiments (all Tween and Span families were tested in
emulsions containing 85:15:5% w/w of aqueous phase, lipid
phase and surfactant concentrations, respectively, and ob-
served after 24 h for coalescence or visual phase separation),
regarding pepper extract emulsions, the HLB value in which a
visually stable emulsion was produced was 6.7 for soybean oil
emulsions and needed to be adjusted to 6.9 by using pepper
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extract as oil phase; this shows little chemical changes that
could impact the droplet size and its stability. Different com-
binations of Tween (20, 40, 60, and 80) and Span (20, 40, 60,
and 80) were tested, but just when the mixture of Tween 80
and Span 80 was used, an emulsion, with no separated phases,
was obtained. Schmidts et al. (2009) reported affinity between
the mixture of Tween® 80 and Span® 80 and vegetable oils,
and stated that both are long chain fatty acids with unsaturated
bonds, which facilitate emulsion formation, corroborating
with the formation of stable O/W emulsions.
Characterization of Raw Material—Interfacial Tension
Interfacial tension is related to the influence of Laplace pres-
sure, in which low values facilitate the breakage of droplets,
generating small average droplet sizes and higher stability
against coalescence (Nazarzadeh et al. 2013). The interfacial
tension between oil phase (0.75% Span® plus 2% pepper
extract—w/w) and aqueous phase (0.25% Tween® 80 plus
97%Milli-Q water—w/w) was 39.3 ± 0.01 mN/m. This result
was similar to that determined by Matsaridou et al. (2012),
who, despite the fact of working with different surfactants
(Cremophor(®) EL and Cremophor(®) RH 40) in oil/water
emulsions, described interfacial tensions varying between 41
and 45 mN/m. Low values of interfacial tension are suggested
to facilitate the nanodroplet formation.
Influence of Processing Parameters on Soybean Oil
Coarse Emulsion
Effect of Homogenization Speed and Time
All studied combinations of speed and time using a high-
speed homogenizer produced coarse emulsions with average
droplet size larger than 1000 nm. Initially, it was chosen the
same time for all tested speed (5 min), but it was observed that
the emulsion turned to gray and destabilized (Table 1). But,
when homogenization speed was increased (7000 rpm →
12,000 rpm → 16,000 rpm → 20,000 rpm → 25,000 rpm),
during 1 min at each speed, the produced coarse emulsion had
an average droplet size smaller than 300 nm; thus, the combi-
nation of time and gradual increase of speed had the better
droplet size and visual stability. Although the high-speed ho-
mogenization is just a pre-processing operation, it may reduce
the average droplet size and increase the number of droplets
more uniformly (Guojun et al. 2014).
Influence of the Order of Phase Mixing
The order of mixing was studied for emulsions formed by
85:15:5% w/w of aqueous phase, lipid phase, and surfactant,
respectively. Intense foaming and incomplete dissolution were
observed when the coarse emulsions were prepared with the
aqueous phase and the blend of hydrophilic and lipophilic
surfactants, poured under the oil phase; or with the oil phase
and the mixture of surfactants, poured under the aqueous
phase. Moreover, a homogeneous and turbid emulsion, with-
out foam, was produced when the aqueous phase, with the
hydrophilic surfactant, was poured under the oil phase, con-
taining the lipophilic surfactant; however, it destabilized after
a few hours. A more visual stable emulsion (no creaming nor
phase separation) was produced only when the oil phase, with
the lipophilic surfactant, was poured under the aqueous phase,
containing the hydrophilic surfactant.
These observed results corroborated with those described
by Takamura et al. (1979), which demonstrated that emulsion
homogenization was best obtained when Tween® was dis-
solved in the aqueous phase and Span® in the oil phase.
According to these authors, the mentioned behavior occurred
because Tween® has an affinity for water, needing to be hy-
drated for some hours before the homogenization process;
Span®, on the other hand, has an affinity for oil phases.
Effect of Oil and Surfactant Concentrations
Smaller droplets (213 nm) with optimum size distribution
(poly-dispersion index (PDI) < 0.2) were obtained when
concentrations of soybean oil, surfactants, and Milli-Q®
water were 2.5:2.5:95% w/w (Table 2). These results
probably occurred due to sufficient concentrations of the
surfactant, which were enough to fully cover the newly
formed droplets of oil and rapidly adsorb at the interface
(Matsaridou et al. 2012). Other studies suggested that oil/
surfactant (surfactant families similar as used in this
work) ratios of 1:1 or 2:1 tend to be ideal (Bernardi
et al. 2011; Qian and McClements 2011), and, despite
the fact that equal concentrations of oil and surfactants
result in lower droplet sizes, it is interesting to use mini-
mal possible surfactant concentrations (~ 1%), in order to
avoid foam formation. Excess of foam may lead to the
formation of micelles, which may aggregate and result
in Ostwald ripening.
The best formulation was chosen based on minimum
surfactant concentration and was re-done using pepper ex-
tract as the oil phase, with an adjustment of 2:1:97% w/w
(oil, surfactants, and water, respectively). As a result, av-
erage droplet sizes of 272 ± 4.0 nm, polydispersity index of
0.277 ± 0.004, and ζ-potential of − 36.71 ± 0.62 mV were
observed. These values can be considered satisfactory,
since polydispersity index lower the 0.3 (Bernardi et al.
2011) and ζ-potential more negative than − 30 mV are
ideals to maintain emulsion stability (Hsu and Nacu
2003); therefore, an average droplet size lower than
300 nm can possibility the use of lower energy at next
steps of reduction droplet size.
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Production of Pepper Extract Nanoemulsions: Effect
of Pressure and Number of Cycles Using a High-Pressure
Homogenizer
Smallest average droplet sizes of pepper extract nanoemulsions
were obtained at 10.3 × 107 Pa undergoing 5 (132 nm) and 10
cycles (134 nm), and at 13.8 × 107 Pa, with 5 cycles (132 nm)
(Table 3). However, all samples showed PDI lower than 0.15
and ζ-potential similar to the coarse emulsion, for all pressures
and number of cycles applied. These data corroborate with
what is described in literature, in which the increase in operat-
ing pressure has been reported as being directly proportional to
the decrease in average droplet size; the number of cycles is
related to this reduction until it reaches a plateau (Qian and
McClements 2011; Salvia-Trujillo et al. 2013; Yang and
McClements 2013). In contrast, Qian and McClements
(2011) reported that higher working pressures and number of
cycles (13.8 × 107 Pa; 10 and 20 cycles) resulted in slightly
larger droplet sizes; Jafari et al. (2008) attributed this phenom-
enon, initially, to an increase in droplet collision and re-
coalescence.
Conditions chosen as optimumwere 10.3 × 107 Pa, in order
to avoid excessive energy to the system as 13.8 × 107 Pa, for
example, with 10 cycles, because, although 5 cycles resulted
in satisfactory nanoemulsions, the presence of a second pop-
ulation (1.2%) of larger droplets was described; when using
10 cycles, this population was not observed (Fig. 2). The
optimal number of cycles consequently results in lower size
distribution and prevents instabilities such as Ostwald ripen-
ing (Lee and Norton 2013).
Characterization of Pepper Extract Nanoemulsions
Based on the preliminary tests, the optimum pepper extract
nanoemulsion (2% w/w pepper extract, 97% w/w Milli-Q®
water and 1% w/w mixture of Span 80® and Tween® 80)
was produced at 10.3 × 107 Pa with 10 cycles and, afterward,
submitted to physical and morphological characterization,
followed by stability tests.
Color
Values of L*, a*, and b* color parameters and whiteness index
(%) were 70.00 ± 0.004, − 2.20 ± 0.01, 0.71 ± 0.01, and
59.90 ± 0.02, respectively. The L* value indicates lightness
and tendency to dark, not transparency; negative a* and pos-
itive b* values indicate little tendency to green and yellow,
respectively. Both a* and b* are near zero, which indicates
that the predominant color is neutral (Takasui 2011); this can
be confirmed by high whiteness index. The expected color in
the present study was white, as it tends to grow stronger with
increased contrast in refractive index, caused by high concen-
tration of droplets and the presence of droplets larger than
40 nm (McClements 2002; McClements 2012; Salvia-
Trujillo et al. 2013).
Table 2 Effect of soybean oil
and surfactant concentrations on
average droplet size and
polydispersity of soybean oil
coarse emulsion prepared by
high-speed homogenizer at a
combination of time and gradual
increasing speed
Soybean oil
(g/100 g)
Surfactant
(g/100 g)
Water
(g/100 g)
Average droplet size
(nm)
Polydispersity
7.5 2.5 90 918 ± 67A 0.399 ± 0.014a
5 2.5 92.5 334 ± 10D 0.316 ± 0.090bc
2.5 2.5 95 213 ± 2E 0.165 ± 0.018d
5 1.5 93.5 426 ± 23BC 0.323 ± 0.011b
2.5 1 96.5 386 ± 8CD 0.270 ± 0.008c
1.25 0.5 98.25 451 ± 29B 0.341 ± 0.009b
Equal letters indicate no significant difference (p > 0.05) between samples in the same column
Table 1 Effect of homogenization speed and time on average droplet size and polydispersity of soybean oil coarse emulsions (97:2:1%w/w of aqueous
phase, lipid phase, and surfactant concentrations, respectively) produced by high-speed homogenization
Speed (rpm) Time (min) Average droplet size (nm) Polydispersity
12,000 5 1547 ± 95ab 0.350 ± 0.008B
16,000 5 1265 ± 117b 0.416 ± 0.090AB
20,000 3.5 1783 ± 215a 0.452 ± 0.025A
25,000 1 1351 ± 40ab 0.391 ± 0.025AB
7000 + 12,000 + 16,000 + 20,000 + 25,000 1 + 1 + 1 + 1 + 1 270 ± 4 to 295 ± 7c 0.210 to 0.270C
Equal letters indicate no significant difference (p > 0.05) between samples in the same column
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Atomic Force Microcopy and Cryo-scanning Electron
Microscopy
In micrographs of AFM, it is possible to observe droplets with
undefined shapes (Fig. 3). Preetz et al. (2010) and Salvia-
Trujillo et al. (2013) suggested that sample preparation or
weak adsorption of droplets on the surface of a substrate can
be the cause of deformed droplets. On another hand, CSEM is
an advanced technique that allows the observation of colloidal
systems, such as nanoemulsions, in their natural form (Klang
et al. 2012; Mikula and Munoz 2000). In CSEM micrographs
of pepper nanoemulsions, the presence of clear spherical drop-
lets with sufficient uniformity may be observed, revealing
droplets of the oil phase surrounded by the aqueous phase
(Fig. 4). The presence of larger and smaller droplets in minor
proportions can be described in different areas of the sample,
which is common with nanoemulsions, particularly in undi-
luted samples (Saupe et al. 2006).
Environmental Stress—Centrifugal and Thermal Stresses
The variables analyzed in order to investigate the stability
were droplet size, size distribution, and ζ-potential. Besides
those, nanoemulsions were observed by naked eye. Samples
of the optimum pepper nanoemulsion did not change macro-
scopically (visually), or show creaming or phase separation,
after the following tests: centrifugal stress, heating/cooling
cycling stability, and temperature ramp, maintaining their
original aspect. Regarding thermal processing stability,
nanoemulsions submitted to 70 and 90 °C showed bigger
droplets than the positive control on the seventh day
(Table 4). Small changes in average droplet size can occur
without significantly destabilizing the system, especially at
high temperatures. Also, PDI values remained below 0.2, sug-
gesting that the system is uniform and stable (mono-dis-
persed), and, for this reason, storage stability testing was con-
sidered a viable next step (Preetz et al. 2010).
Freeze-thaw cycling stability was characterized to predict
the effect of freezing and thawing of food matrixes or pack-
ages containing pepper extract nanoemulsions, subjected to
the freezing process, in order to ensure stability during final
consumption and simulate cold chain problems. Phase sepa-
ration of the optimum pepper extract nanoemulsion occurred
after the third cycle (Fig. 5), in which the average droplet size
varied between 0.3 and 0.5 μm, exceeding 1.0 μm after the
second cycle, and the ζ-potential ranged from 20 to 30 mV.
Surface droplets presents a negative electrical charge with
nonionic surfactants and values more negatives than − 30
are considered ideal to keep emulsions stable, because equal
negative charges will cause the droplets to repel each other,
avoiding aggregation and destabilization (Hsu and Nacu
2003). Considering that negative charge of ζ-potential re-
duced from − 30 to – 20, it can be suggested the destabiliza-
tion occurred, these instabilities can be a result of slow freez-
ing in addition to the high amount of water, forming crystals
around the droplets, which break while thawing. Aoki et al.
Table 3 Effect of working
pressure and number of cycles at
average droplet size of pepper
extract nanoemulsion (97:2:1%
w/w of aqueous phase, lipid
phase, and surfactant
concentrations, respectively)
produced by high-pressure
homogenization
Working pressure (Pa) Number of cycles Average droplet size (nm) Polydispersity
6.9 × 107 5 139 ± 1A 0.098 ± 0.015a
6.9 × 107 10 141 ± 1A 0.097 ± 0.013a
6.9 × 107 20 145 ± 2B 0.181 ± 0.018b
10.3 × 107 5 132 ± 1C 0.102 ± 0.012a
10.3 × 107 10 134 ± 2C 0.102 ± 0.012a
10.3 × 107 20 140 ± 1A 0.095 ± 0.010a
13.8 × 107 5 132 ± 1C 0.099 ± 0.003a
13.8 × 107 10 139 ± 1A 0.262 ± 0.008c
13.8 × 107 20 138 ± 1A 0.101 ± 0.024
Equal letters indicate no significant difference (p > 0.05) between samples in the same column
Fig. 2 Size distribution curve of
optimum pepper extract
nanoemulsion (2% w/w pepper
extract, 97% w/wMilli-Q® water
and 1% w/wmixture of Span 80®
and Tween® 80)
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Fig. 3 Two (a) and three (b)
dimensional atomic force
micrographs of optimum pepper
extract nanoemulsion (2%wt
pepper extract, 97%wt Milli-Q®
water and 1%wt mixture of Span
80® and Tween® 80)
Fig. 4 Cryo-scanning electron
micrographs of optimum pepper
extract nanoemulsion ((2% w/w
pepper extract, 97% w/w Milli-
Q® water and 1% w/wmixture of
Span 80® and Tween® 80)) at
700 nm (a) and 1 μm (b)
resolution
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(2005) alerted that during this specific analysis, it is necessary
to be careful when interpreting DLS measurements; Donsi
et al. (2011) observed the same phenomenon working with
lecithin emulsions. Coalescence and possibly high floccula-
tion index, caused by destabilization of droplets, interfere di-
rectly in the light scattering of the device, explaining the broad
and inconstant range of droplet sizes and ζ-potential. Freezing
processes can cause a lot of physical and chemical alterations
to food, and in colloidal systems, the crystallization of surfac-
tants may also occur, leading to droplet breakage during
thawing (Aoki et al. 2005; Mun et al. 2013). Stability of the
pepper nanoemulsion was maintained for two cycles, which
can be considered a positive result concerning food matrixes
since it is ideal to not re-freeze food.
Storage Stability
It is also important to study the nanoemulsion stability under
storage conditions. This is necessary to determine its shelf life
in a physical-chemical point of view. The optimum pepper
extract nanoemulsion showed signs of instability only when
at 37 °C, after more than 60 days (p < 0.05). Regarding all the
other storage conditions, no significant difference (p > 0.05)
was observed in average droplet size (Table 5) among the
samples and the positive control over 120 days, evidencing
the nanoemulsion’s stability; ζ-potential and polydispersity
remained with no difference to control (p > 0.05). The primary
mechanism of instability of these compounds is Ostwald rip-
ening, which occurs due to the solubility of the dispersed
phase in the continuous phase, making small droplets smaller
by supplying large droplets, and, in turn, making the latter
larger. The Ostwald ripening rate may be calculated by using
linear regression of the cube of the droplet radius (R) versus
time, in which when the r2 value is larger than 0.8, it indicates
that Ostwald ripening is responsible for destabilization
(Bernardi et al. 2011). The r2 value of the pepper extract
nanoemulsion, stored at 37 °C, was 0.41, ruling out the
Table 4 Average droplet size of
pepper nanoemulsions (97:2:1%
w/w of aqueous phase, lipid
phase, and surfactant
concentrations, respectively)
produced by high-pressure ho-
mogenization (at 10.3 × 107 Pa
and 10 cycles) submitted to envi-
ronmental stability tests
Treatments Average droplet size (nm) Polydispersity Zeta potential (mV)
Positive control 142 ± 1 0.090 ± 0.001 − 36.00 ± 1.00
Thermal processing stability
Water bath 70 °C 139 ± 1 0.105 ± 0.003 − 37.01 ± 3.90
Water bath 70 °C (day 7) 146* ± 1 0.108 ± 0.001 − 36.57 ± 2.58
Water bath 90 °C 138 ± 1 0.119 ± 0.032 − 36.93 ± 1.78
Water bath 90 °C (day 7) 146* ± 1 0.142 ± 0.038 − 36.80 ± 2.97
Heating/cooling cycling stability
Cycle 1 142 ± 1 0.107 ± 0.003 − 36.50 ± 3.92
Cycle 2 140 ± 1 0.105 ± 0.001 − 36.45 ± 2.33
Cycle 3 144 ± 1 0.097 ± 0.009 − 36.50 ± 0.707
Cycle 4 142 ± 1 0.108 ± 0.030 − 35.65 ± 0.354
Cycle 5 140 ± 2 0.102 ± 0.030 − 37.45 ± 3.75
Cycle 6 145* ± 1 0.122 ± 0.283 − 38.45 ± 0.354
Temperature ramp
From − 10 to 80 °C 138 ± 1 0.112 ± 0.010 − 37.56 ± 0.981
Centrifugal stress
80 g 144 ± 1 0.091 ± 0.004 − 36.87 ± 2.73
250 g 138 ± 1 0.096 ± 0.006 − 34.50 ± 7.30
1000 g 143 ± 1 0.108 ± 0.013 − 38.03 ± 3.37
3050 g 142 ± 1 0.107 ± 0.008 − 39. 33 ± 0.709
*Significant difference (p < 0.05) compared to positive control in the same column
Fig. 5 Pepper extract nanoemulsion after three freeze-thaw cycles
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possibility of instability by Ostwald ripening. Other possible
mechanisms that could be responsible for increasing average
droplet size are flocculation and coalescence. The presence of
two or more initial populations of droplets is a consequence of
formulation, but the formation of these populations over time
is related to the destabilization process.
Boyd et al. (1972) observed the influence of storage tem-
peratures at 5, 25, and 40 °C, and concluded that this param-
eter exerts minor influence when compared to HLB depen-
dency in coalescence; however, at 40 °C, the emulsion coa-
lesced after 15 days, probably due to water loss, which pro-
motes connections between groups of ethylene oxide and
polyoxyethylene adjacent groups. When storage is carried
out at temperatures close to those of production, water loss
may occur, in addition to dehydration of hydrophilic nonionic
surfactants. Bernardi et al. (2011) conducted tests on O/W
nanoemulsions, containing rice oil as the oil phase, and differ-
ent combinations of Tween® and Span® as surfactants, in
order to achieve an HLB value of 8.0. The authors then com-
pared a low energy process with a high energy process, and
observed that regardless of the storage conditions, all formu-
lations prepared by high-pressure homogenization
destabilized after 30 days. Conversely, in the present study,
the stability observed for nanoemulsions stored at room tem-
perature indicates that the production method was satisfactory,
as was the formulation process; however, increasing the tem-
perature will lead to faster chemical reactions, explaining in-
stability at 37 °C.
Conclusions
Pepper nanoemulsions were developed, with average droplet
sizes varying between 132 ± 1.0 and 145 ± 2.0 nm, polydis-
persity inferior to 0.15, and ζ-potential of − 36.71 mV. The
process conditions influenced the final droplet size and stabil-
ity of the nanoemulsion. The ideal surfactant/oil ratio was 1:2
(in weight), which, together with a gradual increase of homog-
enization speed, enabled significant reductions in droplet size
before passing the coarse emulsion through the high-pressure
homogenizer. Nanosized droplets were spherical, homoge-
neous, and was stable when submitted to almost all environ-
mental stresses. Pepper nanoemulsion was stable during stor-
age at room temperature over 120 days.
The pepper nanoemulsion studied in this work can be con-
sidered as an interesting prospect for application in the food
industry because its physico-chemical characteristics and sta-
bility; however, it is clear that each step of development may
influence the formation of different systems of the same for-
mulation. More studies are necessary to fully elucidate the
underlying mechanisms.
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